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properties. Literature in this area focuses on solution phase aspects of these materials, for example in inks for
solar cells, or the growth of bulk or nanosized crystals. Critically, varying solute-solvent interactions often
cause heavily mixed perovskites to have compositions that strongly deviate from their synthetic loading. In
contrast, hybrid halide perovskites prepared by solid-state methods in the absence of solvents display much
more predictable compositions and significantly suppressed phase segregation. Further, because they generate
less waste, solvent-free methods are often ‘greener’ and more industrially scalable. Herein, we review the
solvent-free methods used to synthesize single composition ‘parent’ and heavily mixed perovskites in the
solid-state. We discuss the known mechanisms for ion diffusion involved in these transformations, summarize
and contrast their main benefits and features, and review their use in the preparation of mixed-cation and/or
mixed-halide perovskites.
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Abstract 
Halide perovskites are exciting photoactive semiconductors with exceptional photovoltaic and 
optoelectronic properties. Literature in this area focuses on solution phase aspects of these 
materials, for example in inks for solar cells, or the growth of bulk or nanosized crystals. 
Critically, varying solute-solvent interactions often cause heavily mixed perovskites to have 
compositions that strongly deviate from their synthetic loading. In contrast, hybrid halide 
perovskites prepared by solid-state methods in the absence of solvents display much more 
predictable compositions and significantly suppressed phase segregation. Further, because they 
generate less waste, solvent-free methods are often ‘greener’ and more industrially scalable. 
Herein, we review the solvent-free methods used to synthesize single composition ‘parent’ and 
heavily mixed perovskites in the solid-state. We discuss the known mechanisms for ion diffusion 
involved in these transformations, summarize and contrast their main benefits and features, and 
review their use in the preparation of mixed-cation and/or mixed-halide perovskites. 
 
Graphical Abstract 
Solvent-free methods including ball milling and thermal annealing enable the synthesis of 











































Halide perovskites of the general formula ABX3—where A = methylammonium 
(CH3NH3
+
 or ‘MA’), formamidinium (CH(NH2)2
+
 or ‘FA’), guanidinium (C(NH2)3
+



















—are an emerging class of semiconductors 
that have revolutionized the field of light-harvesting materials. In less than a decade of research,
1
 
thin film perovskite solar cells reached 23.7% power conversion efficiency (PCE),
2
 while 
perovskite-based quantum dot solar cells reached a record 15.07% PCE.
3
 Perovskite solar cell 
materials are mostly comprised of earth abundant elements and are easily processed from 






 Halide perovskites are also excellent photonic sources by exhibiting 
efficient radiative recombination (>50%) under high excitation densities, large and balanced 
charge-carrier mobilities, high free-carrier densities, and large gain coefficients.
5
 In addition, the 
large degree of chemical and structural diversity in halide perovskites results in many unique 
properties such as band gap tunability over the visible and near-infrared spectrum, large 
absorption coefficients, long carrier recombination, defect tolerance, photon recycling, 
magnetism, ferroelectricity, ferroelasticity, and multiferroicity.
6,7
 
Many of the best performing halide perovskite solar cells are made of ‘mixed’ materials 
comprised of a mixture of cations and/or anions.
8,9
 Typically, the adjective hybrid refers only to 
halide perovskites that contain both organic (MA, FA, GUA, etc.) and inorganic (Pb, Sn, Ge) 
ions. In contrast, the adjective all-inorganic refers to halide perovskites that contain only 
inorganic (Cs, Rb, K, ect.; Pb, Sn, Ge) ions. Here, we review all mixed-cation and mixed-anion 
halide perovskites under the same umbrella, regardless of whether these are hybrid or all-
inorganic. 
To date, much of the perovskite literature has focused on their synthesis from solution, 
for example as inks for solar cells,
10
 the growth of single crystals,
10
 or the preparation of 
colloidal nanocrystals.
11,12
 When heavily mixed perovskites are prepared from solution, solute-
solvent interactions can vary for each different precursor component.
13
 As a result, solute-solvent 
interactions can alter the composition of the final product(s).
14,15,16,17,18,19,20
 In contrast, the 
synthesis of heavily mixed perovskites by solvent-free or ‘solventless’ methods circumvents the 
effects of these different binding affinities and other solute-solvent interactions. As a result, 
heavily mixed halide perovskites prepared in the solid-state by solvent-free methods show 
suppressed phase segregation compared to their solution phase counterparts.
14,15,16,17
 Further, 
solvent-free methods are generally considered ‘greener’ because they generate less waste;
21
 they 
are also often more industrially scalable.
21
 
Here, we review various solvent-free solid-state methods used to synthesize single 
composition and heavily mixed halide perovskites. We start with a discussion on ion migration 
and transport in halide perovskites to better understand the mechanisms of solid-state ion 
diffusion. We continue with a discussion on the thermal properties and decomposition pathways 
of halide perovskites. Next, we summarize the different solvent-free synthesis methods 




physical processes, comparative benefits, and differences. Lastly, we review current research on 
mixed-halide perovskites, mixed-cation perovskites, and perovskites that contain both mixed-
cations and mixed-halides. It is our hope that this review will stimulate sustained high-level 
research that will further increase our understanding of solvent-free, solid-state synthesis of 
heavily mixed halide perovskites and other advanced semiconductors. 
 
2. Ion Transport in Halide Perovskites.  
Ion transport is known to readily occur in oxide- and halide-based perovskites. Here, we 
highlight mechanisms of ion transport in halide perovskites; those in chalcogenide perovskites 
appear elsewhere.
22 , 23
 Halide perovskites crystallize easily, which leads to inexpensive 
processing at low temperatures.
10
 This distinctive property leads to a soft and dynamic lattice in 
which ions readily move around. Halide perovskites are excellent ionic conductors. As a 
consequence, ion exchange in these materials occurs easily and rapidly,
12,24
 serving as useful 
solid electrolytes.
25
 This large degree of ion mobility is responsible for many unusual properties, 
including rapid chemical conversion between halides at room temperature, current-voltage 




Ion transport in halide perovskites is believed to be mediated by point defects.
26,27,28
 
Figure 1 shows various mechanisms of ion transport that are known in these materials, including 
A-, B-, and X-site vacancy diffusion and X-interstitial diffusion. In each case, the respective 
ionic species hops to the nearest neighboring vacancy or interstitial site.
26
 Because diffusion of 
ions requires energy, the dominant ion transport mechanism is determined by both its activation 
energy and the concentration of lattice defects.
26,27,28
 A large range of activation energies are 
reported in the literature. For example, in the case of MAPbI3, the lowest activation energy for 
ion migration is 0.1–0.6 eV for I
-
 vacancies, followed by 0.5–0.8 eV for CH3NH3
+
 vacancies, and 




 These activation energy values suggest that ion transport 






. Indeed, the most mobile ions in perovskites are halides, 
exchanging in a matter of seconds; in contrast, cations are less mobile, exchanging over a few 
hours.
26
 Even though halide mobility under illumination is well established, it was recently 
shown that CH3NH3
+
 diffusion is negligible under illumination.
30
 Ion transport in halide 




chemical, or mechanical in nature.
26
 Interestingly, ion transport can also be structurally 







Figure 1. Mechanisms of ion transport in halide perovskites. Filled circles represent regular 
lattice sites containing ions, empty circles represent vacancies, and the pink halo denotes an 
interstitial halide. Reprinted with permission from ref. 26. Copyright 2018 American Chemical 
Society. 
 
3. Thermal Properties of Halide Perovskites. 
 Synthesis by solvent-free methods often requires high temperatures. Thus, information 
about the melting points and decomposition temperatures of a material is imperative when 
planning a solid-state reaction. Table 1 provides a summary of the known melting points and 
decomposition temperatures of commonly used single-composition or ‘parent’ halide perovskites. 
All-inorganic halide perovskites melt congruently without decomposition, at temperatures 
ranging from 475–615 °C for CsPbX3,
33,34,35,36,37
 and 368–452 °C for CsSnX3.
38,39
 In contrast, 
hybrid halide perovskites decompose before melting at temperatures ranging from 214–300 °C 
for MAPbX3,
40 , 41 , 42
 150–300 °C for MASnX3,
40, 43
 and 250–320 °C for FABX3 (B = Pb, 
Sn).
40,44,45,46
 TGA-DTA/MS measurements show that MAPbI3 decomposes into solid PbI2, along 
with the evolution of gaseous NH3 and CH3I.
47
 Decomposition of other MAPbX3 perovskites can 




decomposition of FAPbI3 starts by loss of HI.
44 
The decomposition temperature of Sn-based 
halide perovskites is believed to depend on the concentration of Sn(IV) species generated from 
oxygen exposure; it is 300 °C under inert atmosphere and decreases to 150 °C upon exposure to 
air.
40
 In summary, to prevent the formation of undesired impurities and off-stoichiometric 
products, the solid-state synthesis of hybrid halide perovskites must be conducted below their 
decomposition temperature.  
Table 1. Thermal Properties of Halide Perovskites 





34, 56735,36 - 
CsPbCl3 600
34, 61537 - 
CsSnI3 435















MASnCl3 - - 
FAPbI3 - 250
40, 30044, 32044 
FAPbBr3 - 280
46 
FAPbCl3 - - 
FASnI3 - 280
40 
FASnBr3 - - 
FASnCl3 - - 
amp = melting point, bTdec = decomposition temperature. 
 
4. Solvent-Free Synthesis: Methods and Parent Halide Perovskites. 
Solid-state methods for the preparation of single-composition or ‘parent’ halide 
perovskites in the absence of solvents include mechanochemistry (ball milling or manual 
grinding) and thermal annealing. Now over 120 years old,
48
 mechanochemistry has undergone a 
resurgence as an industrially-scalable ‘green’ chemistry method due to its relatively mild 
operation conditions and its independence from solvents.
21
 The energy for ball milling is 
supplied by rotation of the sample's containment bowl (see Figure 2). The bowl and a set of 
grinding balls are typically made of a high-hardness material (zirconia, corundum, or stainless 
steel), such that when precursors are crushed between the balls, mechanical energy is transferred 
from the balls to the precursors. This leads to elastic and plastic deformation, and finally 
fracturing to produce dislocations that react together to form the product.
49,50
 Optimization of 
various parameters such as bowl rotation speed and number of grinding balls controls the amount 
of mechanical energy applied to the system and the size of the crystallites that are produced. 
Because these parameters are responsible for the total energy input provided to the system, care 




reaction temperature of the reaction. Because the internal temperature is not always monitored, 
mechanical grinding and thermal annealing combined may be, in some cases, responsible for 
driving a ball milling reaction, thus affecting its specific synthetic outcome. In other words, ball 
milling reactions cannot always be safely assumed to proceed at room temperature, unless the 
temperature inside the ball mill is being actively monitored. Additionally, while ball milling has 
many benefits, contamination can occur due to wearing of the bowl and grinding balls (e.g., iron 










Figure 2. Typical ball mill (a), zirconia bowl and balls (b), and precursor crystals (c). Cross-
section of a ball mill under operation (d). Processes that initiate a mechanochemical reaction (e). 
Perovskite nanocrystals treated with surface ligands after ball milling and (f) upon dilution with 




permission from ref. 50,  https://pubs.acs.org/doi/10.1021/acsanm.8b00038. Further permissions 
related to the material excerpted should be directed to the ACS. 
 
Mechanochemical synthesis at room temperature is particularly ideal for the solid-state 
synthesis of hybrid halide perovskites given their inherently low thermal stability
51
 and high 
vapor pressure of organic cation salts, when present. Hybrid halide perovskites synthesized by 
mechanochemistry are typically made by either ball milling
52,53,54,55,56
 or manual grinding
40,57
 a 
mixture of solid AX and BX2 precursors at room temperature, without the addition of solvents 
(Scheme 1a). While manual grinding often leaves small amounts of unreacted precursors,
40,57
 
ball milling typically results in cleaner crystalline products by X-ray diffraction (XRD).
52,54,56
 In 
addition to 3D perovskites, a variety of 0D, 1D, and 2D perovskite analogues can be made by 
mechanochemical synthesis, for example by using bulky organic cations or by changing the 
stoichiometry of the precursors.
58,59 ,60 ,61,62 ,63
 Luminescent perovskite nanocrystals are easily 





 or after post-milling oleylamine-treatment conditions 
(Figure 2).
65
 In fact, ball milling can generate luminescent perovskite nanocrystals through size 
reduction of bulk perovskite powders (Figure 2).
50
 Hybrid halide perovskites prepared by 
mechanochemistry display beneficial properties including stability at higher temperatures
52
 and 
reduction of interfacial trap density.
54
 Mechanochemistry also allows for doping of insoluble 










In contrast to mechanochemistry, synthesis by thermal annealing is diffusion-limited. The 
success of thermal annealing depends on reactive species being able to diffuse through the bulk 
of the material to the interface between the reacting solids.
67
 As the precursor solids interact with 
each other, coarsening occurs, resulting in increased crystallite sizes (i.e., the opposite to 
nanostructuring often observed after ball milling). Precursors are typically ground together and 
may be packed into a pellet to reduce the path for mass diffusion. Solid-state synthesis by 
thermal annealing can be performed in an ampule sealed under vacuum or under an inert gas, if 
air sensitive reagents are used. Because of its Arrhenius-like behavior, high-temperatures are 




The limited thermal stability range of hybrid halide perovskites, high organic cation 
precursor vapor pressure, and the inherent need for higher temperatures can render the direct 
solid-state synthesis of hybrid 3D halide perovskites by thermal annealing somewhat challenging. 
In contrast, all-inorganic 3D halide perovskites are easily made by thermally annealing a mixture 
of CsX and BX2 (M = Pb, Sn) precursors in an sealed evacuated ampule between 200–600 °C for 
(a) AX + BX2 → ABX3
(b) AX + A′X′ + BX2 + BX′2 → (A,A′)B(X,X′)3
(c) ABX3 + ABX′3 → AB(X,X′)3
(d) ABX3 + A′BX3 → (A,A′)BX3
(e) ABX3 + AB′X3 → A(B,B′)X3
(f) ABX3 + A′BX′3 → (A,A′)B(X,X′)3
A, A′ = methylammonium (CH3NH3
+, MA), formamidinium 
(CH(NH2)2
+, FA), guanidinium (C(NH2)3
+, GUA), 
alkylammonium (CH3(CH2)xNH3
+), Cs+, Rb+, K+, Ag+
B, B′ = Pb2+, Sn2+, Ge2+
X, X′ = I-, Br-, or Cl-
(g) 2 AX + (n-1) A′X + n BX2 → A2A′n-1BnX3n+1
(h) 2 AX + A′X + PnX3 → A2A′PnX6
(i) 3 AX + 2 PnX3 → A3Pn2X9
(j) 3 A + 2 Pn + 9/2 X2 → A3Pn2X9 (elemental precursors)




several hours (Scheme 1a).
38,40,68,69,70,71,72
 A variety of Ruddlesden-Popper hybrid 2D halide 
perovskites
73
 of the general formula A2A’n-1BnX3n+1 (A,A’ = Cs, ethylammonium (CH3CH2NH3
+
 
or ‘EA’),   4-methylbenzylammonium (CH3C6H4CH2NH3
+
 or MBA), phenethylammonium 
(C6H5(CH2)2NH3
+
 or PEA), n-butylammonium (CH3(CH2)3NH3
+
 or BTA); B = Pb, Sn; X = I, Br, 
Cl) can be made by thermally annealing a mixture of AX and BX2 precursors in a ratio 
corresponding to the desired n level in an ampule between 80–500 °C for several hours (Scheme 
1g).
74,75,76,77
 Double perovskites of the general formula A2A’PnX6 (A,A’ = MA, Cs, Ag; Pn = Bi, 
Sb; X = I, Br, Cl) are commonly made by thermally annealing a mixture of AX and PnX3 
precursors between 210–500 °C for several hours (Scheme 1h).
78,79,80,81,82
 Defect perovskites of 
the general formula A3Pn2I9 (A = Cs, Rb, Tl; Pn = Bi, Sb) can also be made by thermally 
annealing a mixture of AI and PnI3 precursors between 650-1130 °C for several hours (Scheme 
1i)
83,84,85,86
 or a mixture of elemental Tl, Bi, and I2 in a sealed evacuated ampule at 530 °C 
(Scheme 1j).
87
 Solid-state synthesis of mixed-halide and mixed-cation halide perovskites by 
thermal annealing is successful when starting from a mixture of two pre-synthesized, single-
composition perovskites between 150–200 °C.
14,15,72
  
Thermal annealing can be used for thin film fabrication through melt processing. Melt-
processing typically involves heating pre-formed perovskite
88,89,90,91,92
 or a mixture of AX + BX2 
precursors
75
 deposited onto a substrate above their melting point by pressing downward with 
another heated substrate, typically polyimide or glass.
93
 Melt-processing is particularly useful for 
thin film growth because of its ability to avoid pinholes and voids that are commonly observed 
by conventional solution crystallization.
93
 Because of the high melting points (400–600 °C, see 
section 3) of all-inorganic CsBX3 perovskites (B = Pb, Sn) and low decomposition temperatures 
(150–300 °C, see section 3) of hybrid ABX3 perovskites (A = MA, FA; B = Pb, Sn; X = I, Br, 
Cl), melt-processing has not been employed for 3D halide perovskites. In contrast, melt-
processing is used for hybrid 2D halide perovskites because their melting points can be lowered 
below decomposition
 93
 (for example, by increasing the bulkiness of the organic cation, which 
results in melting points tunable over a 100 °C window).
88,89
 Table 2 summarizes various reports 
of solvent-free solid-state synthesis of halide perovskites. 
 
Table 2. Solid-State Synthesis of 3D, 2D, Double, and Defect Halide Perovskites by Solvent-Free Methods. 
Precursorsa Methods Conditions Productsa Refs. 
CH3NH3I + PbI2 Ball milling 10 mm balls, 30 Hz, 30 min MAPbI3 52,54  




CH3NH3X + PbX2 (X = I, Br) Ball milling 10 mm balls, 300 rpm, 40 min MAPb(I,Br)3 56 
AI + PbI2 (A = MA, FA, GUA) Ball milling 10 mm balls, 350 rpm, 10 min MAPbI3, FAPbI3, GUA2PbI4 61 
CsI + PbI2 Ball milling 10 mm balls, 25 Hz, 30 min CsPbI3 102 
CsBr + PbBr2 Ball milling 10 mm balls, 500 rpm, 4 h CsPbBr3 55 
CsBr + PbBr2 Ball milling 10 mm balls, 25 Hz, 30 min CsPbBr3 66 
CsBr + PbBr2 + oleylNH3Br
b Ball millingb 4 or 5 mm balls, 500 rpm, 2 h CsPbBr3  50 
CsCl + PbCl2 Ball milling 10 mm balls, 30 Hz, 30 min CsPbCl3 66 
KI + PbI2 Ball milling 10 mm balls, 25 Hz, 30 min KPbI3 102 
KI + PbI2 Ball milling 10 mm balls, 25 Hz, 30 min KPb2Br5 102 
CH3NH3X + PbX2 (X = I, Br) Ball milling 10 mm balls, 300 rpm, 40 min MAPb(I,Br)3 97 
MAPbCl3 + MAPbBr3 Ball milling 1 h MAPb(Br,Cl)3 16 
FAPbX3 + FAPbX’3 (X, X’ = I, Br, Cl) Ball milling 400 rpm FAPb(X,X’)3 (X, X’ = I, Br, Cl) 17 
AX  + PbI2 (A = MA, hexylNH3; X = I, 
Br, Cl) 
Ball milling 10 mm balls, 300 rpm, 1–3 h APb(I,X)3 (A = MA, C6H13NH3; X = 
I, Br, Cl) 
58 
CsX + PbX2 (X = I, Br, Cl) Ball milling 10 mm balls, 500 rpm, 30 min CsPb(X,X’)3 65 
CsBr +PbI2 Ball milling 10 mm balls, 25 Hz, 30 min CsPb(I2Br) 102 
CsX + PbX2 (X = Br, Cl) Ball milling 10 mm balls, 30 Hz, 30 min CsPb(Br1.5Cl1.5) 66 
KI + PbX2 (X = I, Br) Ball milling 10 mm balls, 25 Hz, 30 min KPb(I2Br) 102 
AI + PbI2 (A = MA, FA) Ball milling 10 mm balls, 30 Hz, 30 min (MA,FA)PbI3 98,10
0 
AI + PbI2 (A = K, Cs, MA, FA) Ball milling 10 mm balls, 25 Hz, 30 min (K,Cs,MA,FA)PbI3 102 
AI + PbX2 (A = K, Cs; X = I, Br)  Ball milling 10 mm balls, 25 Hz, 30 min (K0.075Cs0.925)Pb(I2Br) 102 
KI + CH3NH3Br + CH(NH2)2I + PbX2 (X 
= I, Br) 
Ball milling 10 mm balls, 25 Hz, 30 min (K,MA,FA)Pb(I,Br) 102 
CsI + CH3NH3Br + CH(NH2)2I + PbX2 
(X = I, Br) 
Ball milling 10 mm balls, 30 Hz, 30 min Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 66 
CsI + CH3NH3Br + CH(NH2)2I + PbX2 
(X = I, Br) 
Ball milling 3 mm balls, 150 rpm, 16 h Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 103 
AI + BI2 (A = MA, FA; B = Pb, Sn)  Grinding 25 °C ABI3 (A = MA, FA; B = Pb, Sn),  40 
ABr + PbBr2 (A = Cs, MA, FA) Grinding 25 °C, 10 min APbBr3 (A = MA, FA, Cs) 57 
ABr + PbBr2 (A = Cs, MA, FA) + 
octylNH3Br 
Grinding 25 °C, 10 min APbBr3 (A = MA, FA, Cs)  57 
CsX + PbX2 (X = I, Br, Cl) Grinding 25 °C, 2 h, N2 CsPbX3, CsPb2X5, Cs4PbX6 (X = I, 
Br, Cl) 
59 
MAPbCl3 + MAPbBr3 Grinding 25 °C, 2 h MAPb(Br,Cl)3 16 
FAPbX3 + FAPbX’3 (X, X’ = I, Br, Cl) Grinding 25 °C FAPb(X,X’)3 (X, X’ = I, Br, Cl) 17 
AI + PbI2 (A = MA, GUA)  Grinding 25 °C, Ar (MA,GUA)PbI3 101 
CH3NH3I + BI2 (B = Pb, Sn) Grinding 25 °C MA(Pb,Sn)I3 40 
CsPbBr3 + KX (X = I, Br, Cl) Grinding
c 5 min, 2.2 GPa, N2 CsPbX3 (X = I, Br, Cl) 95 
ABr + SnBr2 (A = BTA, MBA, DDA, 
ODA, NMA) 
Grinding 25 °C A2SnBr4 (A = BTA, MBA, DDA, 
ODA, NMA) 
62 
ABr + A’Br + SnBr2 (A = BTA, MBA, 
DDA, ODA, NMA; A’ = Cs, MA) 
Grinding 25 °C A2A’Sn2Br7 (A = BTA, MBA, DDA, 
ODA, NMA; A’ = Cs, MA) 
62 
CsCl + CuCl22H2O + SbCl3 Grinding 25 °C, 10 min Cs4CuSb2Cl12 63 
AI + BI2 (A = MA, FA; B = Pb, Sn) Annealing 200 °C, 2 h, vac. ABI3 (A = MA, FA; B = Pb, Sn)  40 
AI + BI2 (A = MA, FA; B = Pb, Sn) Annealing 350 °C, 1 min, N2 ABI3 (A = MA, FA; B = Pb, Sn) 40 
CsI + SnI2 Annealing 550 °C, 1 h, vac. CsSnI3 38 
CsI + SnI2 Annealing 190-370 °C, N2 CsSnI3 69 
CsI + SnI2 + SnF2 Annealing 400 °C, 5 h, vac. CsSnI3, Cs2SnI6 71 
CsBr + PbBr2 Annealing 600 °C, 11 h, vac. CsPbBr3 72 
AX + SnX2 (A = Cs, Rb; X = I, Cl) Annealing 400–750 °C, 8–24 h, N2 AxSn(ClyIz) (A = Cs, Rb) 60 
CsX + SnX’2 (X, X’ = I, Br, Cl) Annealing 490 °C, 1-2h, vac. or N2  CsSn(X,X’)3 (X, X’ = I, Br, Cl) 68 
CsI + SnI2 + SnF2 Annealing 450 °C, 30 min, vac. CsSn(I,F)3 70 
MAPbX3 + MAPbX’3 (X, X’ = I, Br, Cl) Annealing 50–250 °C, 1 h MAPb(X,X’)3 (X, X’ = I, Br, Cl) 14,15 
CsPbBr3 + MAPbBr3   Annealing 150 °C, 5 d, vac. (Cs,MA)PbBr3 72 
CH3NH3I + BI2 (B = Pb, Sn) Annealing 200 °C, 2 h, vac. MA(Pb,Sn)I3 40 
CH3NH3I + BI2 (B = Pb, Sn) Annealing 350 °C, 1 min, N2 MA(Pb,Sn)I3 40 
ABr + PnBr3 + PbBr2 (A = MA, Cs, Ag; 
Pn = Bi, Sb) 
Annealing 100-320 °C, vac. A(Ag/Pn,Pb)Br3 (A = Cs, MA; Pn = 
Bi, Sb) 
94 
EAX + PbX2 (X = Br, Cl) Annealing 80
 °C, 2 h EA4Pb3(Br,Cl)10  74 
AX + BX2 (A = MBA, PEA, BTA) Annealing Melt, hours A2BX4 (A = MBA, PEA, BTA) 75 
CsI + PbCl’2 (X,X’ = I, Cl)  Annealing 500 °C, 24 h Cs2PbI2Cl2 76 
BTAI + EuI2 Annealing 160 °C, 8 h BTA2EuI4 77 
MAI + AgI + SbI3 Annealing 150 °C, 2 h, vac. MA2AgSbI6 78 
CsBr + AgBr + PnBr3 (Pn = Br, Sb) Annealing 320 °C,20 h, vac. Cs2Ag(Bi,Sb)Br6 79 
CsBr + AgBr + BiBr3 + MBr3 (M = Sb, 
In)  




CsX + AgX + BiX3 Annealing 210 °C, 10 h Cs2AgBiX6 (X = Br, Cl) 81 
CsX + AgX + BiX3 Annealing 500 °C, 5 h, vac. Cs2AgBiX6 (X = Br, Cl) 82 
CsI + BiI3 Annealing 650 °C, 24 h Cs3Bi2I9 83 
RbI + BiI3 Annealing 1130 °C, vac. Rb3Bi2I9 84 
AI + BiI3 (A = Cs, Rb) Annealing 650-700 °C, 10 h, vac. A3Bi2I9 (A = Cs, Rb) 85,86 
Tl + Bi + I2 Annealing 530 °C, vac. Tl3Bi2I9 87 
aMA = methylammonium (CH3NH3
+), FA = formamidinium (CH(NH2)2
+), GUA = guanidinium (C(NH2)3
+), EA = ethylammonium 
(CH3CH2NH3
+), MBA = 4-methylbenzylammonium (CH3C6H4CH2NH3
+), PEA = phenethylammonium (C6H5(CH2)2NH3
+), BTA = n-
butylammonium (CH3(CH2)3NH3
+), DDA = n-dodecylammonium (CH3(CH2)11NH3
+), ODA = n-octadecylammonium (CH3(CH2)17NH3
+), NMA = 
1-naphthylmethylammonium (C10H7CH2NH3
+). bMesitylene and ligands added. cMagnetically stirred without a mortar and pestle. 
 
5. Mixed-Halide Perovskites. 
Among the earliest reports on the solvent-free synthesis of mixed-halide perovskites was 
the preparation of all-inorganic Sn-based perovskites from the thermal annealing of CsX and 
SnX'2 precursors in a sealed ampule at 400–500 C for several hours (Scheme 1b).
68
 Hybrid 
mixed-halide Pb-based perovskites were first prepared by the thermal annealing of a mixture of 
two single-halide perovskites in the desired stoichiometry at 200 C (Scheme 1c).
14,15
 As 
discussed previously, halide diffusion occurs rapidly in halide perovskites: complete halide 
exchange occurs immediately in the presence of a KX matrix,
95
 and in under an hour between 
two different single-halide perovskites.
14,15
 Figure 3a shows that the two distinct lattice 
parameters and band gaps that are initially observed in an equimolar mixture of MAPbI3 and 
MAPbBr3 gradually merge into a single lattice parameter and band gap after annealing at 200 C 
for 1 h. Powder XRD shows an initial reduction in the single crystalline (Scherrer) domain size, 
followed by an increase, which is caused by halide diffusion, exchange and interfacial nucleation, 
followed by the growth of a new mixed-halide phase, respectively (Figure 3b). Hybrid halide 
perovskites have limited thermal stability, resulting in their degradation to various PbX2 
byproducts when heated at or above 250 C. Recently, solid-state halide diffusion in a perovskite 
heterostructure, made by stacking a CsPbCl3 microplate on top of CsPbBr3 nanowires was 
optically studied via spatially resolved photoluminescence.
96
 These measurements, performed at 
different temperatures,  yielded an activation energy of 0.44 ± 0.02 eV for chloride/bromide 















Figure 3. Effect of annealing temperature on an equimolar mixture of MAPbI3 (solid circles) and 
MAPbBr3 (open circles). Two different lattice parameters and band gaps gradually merge into a 
single value (a). XRD shows an initial decrease in the single crystalline domain size (interfacial 
nucleation) followed by a subsequent increase (growth of new phase) (b). Reprinted with 
permission from ref. 14. Copyright 2016 American Chemical Society. 
 
Mixed-halide perovskites were subsequently synthesized mechanochemically, by either 
ball milling a mixture of AX and PbX2 (Scheme 1a)
58,65,97
 or by ball milling or manually 
grinding a mixture of two single-halide perovskites (Scheme 1c).
16,17
 Mechanochemical 
synthesis can produce mixed-halide perovskites with band gaps tunable over the entire visible 
spectrum just by varying the halide precursor ratio (Figure 4).
65
 As mentioned above, ball milling 
naturally produces small crystallites. In this case, soluble nanocrystals with narrow 




photoluminescence quantum yields of ~40% were produced by post-synthetic treatment with 
oleylamine.
65
 The relatively lower quantum yields compared to those obtained for colloidal 
perovskite nanocrystals synthesized by solution-phase methods is believed to be caused by 
surface trap states and other structural defects induced by ball milling.
50
 Nevertheless, quantum 
yields of up to 80% can be achieved when ball milling is performed in the presence of both 






Figure 4. Panchromatic absorption (a) and PL spectra (b), and visual luminescence of mixed-
halide CsPbX3 perovskite nanocrystals synthesized by ball milling, post-treated with oleylamine, 
and suspended in toluene. Reprinted with permission from ref. 65. Copyright 2017 American 
Chemical Society. 
 
 One of the most exciting recent developments in the chemistry of heavily mixed 
perovskites is the observation of non-stoichiometric phases—and, in some cases, synthesis-
specific impurities—by solid-state (ss) NMR, which are silent by the most commonly employed 
characterization methods, such as optical spectroscopy and XRD. For example, light absorption 
and XRD would appear to indicate that mixed-halide perovskites are simply made of a single 




synthetic method used, 
207
Pb ssNMR shows mixed-halide perovskites contain a significant 
amount of non-stoichiometric [PbXaX’6-a]
4-
 octahedra which are richer in one or another halide, 




Pb ssNMR shows that 
mixed-halide perovskites made by precipitation from solution often contain significant amounts 
of amorphous XRD-silent impurities, while those made by solvent-free solid-state synthesis 
methods do not. For example, in the APb(I,Br)3 series, 1:1 precipitation from solution produces a 
mixture of Br-rich APbIaBrb (b >> a) and an uncrystallized form of APbBr3 (A = MA or 
FA).
14,15,17
 Instead, in the absence of solvents, solid-state synthesis of the 1:1 mixed-halide 
perovskite by either thermal annealing
14,15
 or ball milling
16,17
 completely eliminates the 
formation of the uncrystallized single-phase perovskite (Figure 5b vs. c). Thus, by eliminating 
halide-specific solvent-solute interactions,
13
 solid-state synthesis methods achieve more uniform 









Figure 5. Representative static 
207
Pb ssNMR spectra of single- and 1:1 mixed-halide 
MA(X1.5X´1.5)3 perovskites. X,X´ = I (a), I,Br from solid-state synthesis (b), I,Br from solution 
phase synthesis (c), Br (d), Br,Cl (e), Cl (f). Reprinted with permission from ref. 15, 
https://pubs.acs.org/doi/10.1021/acsenergylett.6b00674. Further permissions related to the 
material excerpted should be directed to the ACS. 
 
6. Mixed-Cation Halide Perovskites.  
The solid-state synthesis of mixed-cation halide perovskites has almost exclusively 
focused on mechanochemical synthesis of mixed ‘A’ cation halide perovskites by ball milling 
AX and BX2 precursors (Scheme 1b). To simulate film fabrication conditions, this is often 
followed by thermal annealing between 110–140 C. A variety of different mixed-cation halide 







 cation perovskites. Currently, there is only one report of mixed ‘B’ cation MASn1-
xPbxI3 perovskites, which can be made from CH3NH3I, SnI2, and PbI2 precursors by either 
manual grinding at room temperature or by annealing in a sealed ampule at 200 °C.
40
 Mixed 
(MA,Cs)PbBr3 perovskites can be made by grinding a desired mixture of pre-synthesized 
MAPbBr3 and CsPbBr3, followed by annealing in an evacuated sealed ampule at 150 °C for 5 
days.
72
 Solid-state methods are amenable to scale up, enabling the synthesis of gram amounts of 
mixed-cation halide perovskites that are structurally comparable to thin films made from 
solution.
100
 Interestingly, the use of mechanochemically-prepared mixed-cation halide 
perovskites as precursors for film deposition can exhibit increased PCE compared to the use of 
AX and PbX2 precursors.
98
 However, such improvements have been small and limited to lower 
PCE configurations, and all-time record devices have not yet benefited from mechanochemically 
prepared precursors. One particularly useful benefit is that mixed-cation halide perovskite 
powder prepared by ball milling exhibits greater long-term stability as a precursor compared to 
the storage of AX and PbX2 precursors in typical DMF/DMSO-based ink.
103
 Over time, 
dimethylammonium formate accumulates in the DMF/DMSO-based ink from the hydrolysis of 
DMF and affects the perovskite film’s stoichiometry, band gap, and structure upon 
incorporation.
103
 Solid-state methods can also be used to incorporate insoluble cation precursors, 









Figure 6. Solar cell ink made from both typical precursors (path 1) and mechanochemically-
prepared perovskite (path 2). Ball milling enables introduction of insoluble precursors into the 
solar cell ink. Reprinted from ref. 66, Copyright 2018, with permission from Elsevier. 
 
Compared to single-cation halide perovskites, mixed-cation halide perovskites have more 
tunable band gap and enhanced thermal stability. Further, in the case of Cs- and FA-based 
mixed-cation halide perovskites, the normally high-temperature ‘black’ photoactive phase 
becomes more stable and persists at room temperature. As noted above, the degree of phase 
segregation and, in this case, the degree of cation incorporation should be taken into account 
when synthesizing mixed-cation halide perovskites. Incorporating the smaller MA cation into the 







 When (MA,FA)PbI3 is prepared at room temperature by ball milling a 
mixture of AI and PbI2 precursors, the photoactive black phase of FAPbI3 forms along the 
inactive yellow phase at 15% MA loading, and becomes the only phase formed at 25% MA 
loading.
98
 In contrast, a film prepared from solution results in both black and yellow phases at 
25% MA, indicating that solid-state methods succeed in affording the black phase at lower MA 
loading.
98
 As shown for mixed-halide systems, mixed-cation halide perovskite films often have a 
different stoichiometry than their initial precursor mixture.
104
  Doping of the GUA cation into 
both MAPbI3 and FAPbI3 lattices is desirable because of its ability to increase carrier lifetimes 
and VOC values. Because of its large size, the photoactive black phase of MAPbI3 is only stable 
up to 40% GUA incorporation, while the photoactive black phase of FAPbI3 is unstable at all 
GUA incorporation or ‘doping’ levels.
101







into (MA,FA)PbX3 perovskites to form triple and quadruple perovskites was also investigated by 

















cations is not observed (Figure 7).
100,102





 cations form phase segregated AX domains (A = Rb, K; X = I, Br), along with APbX3 







Figure 7. Quantitative 
133
Cs echo-detected MAS ssNMR spectra of various 
(Rb,Cs,MA,FA)Pb(I,Br)3 perovskites. Dashed box denotes region where Cs
+
 is incorporated. 
Asterisks (*) indicate spinning sidebands and † is a transmitter artifact. Reprinted with 
permission from ref. 100, https://pubs.acs.org/doi/10.1021/jacs.7b07223. Further permissions 
related to the material excerpted should be directed to the ACS. 
 
7. Mixed-Cation–Mixed-Halide Perovskites. 
A few reports on the solid-state synthesis of heavily mixed perovskites contain both 






 Mixed-cation and mixed-anion halide perovskites are under intense 
scrutiny as photovoltaic absorbers. Their many beneficial properties include increased thermal 
stability and ability to withstand different processing conditions.
8,9,66
 The solid-state synthesis of 
these materials has focused on the preparation of normally hard-to-access precursor inks, for 
example those containing additives such as CsCl,
66
 the preparation of precursor inks with 
significantly increased shelf stability,
103
 and the preparation of large enough samples for phase-
segregation studies followed by ssNMR (Figure 7 above).
100,102
 These studies show that heavily 
mixed compositions form readily by solid-state synthesis via ball milling. We expect a growing 
variety of heavily mixed perovskites with both mixed-cations and mixed-anions will become 
accessible by solvent-free methods. 
 
7. Conclusion. 
In summary, halide perovskites can be made by various solid-state methods in the 
absence of solvents, including ball milling, manual grinding, and thermal annealing. 
Independence from solvents reduces waste generation, making these methods ‘greener,’ more 
industrially relevant, and potentially more scalable. A variety of heavily mixed halide 
perovskites can be made by solid-state methods, including mixed-halide, mixed-cation, and 
mixed-halide–mixed-cation perovskites, as well as nanosized perovskites with very bright and 
narrow photoluminescence emission. Interestingly, mechanochemically prepared mixed-cation 
halide perovskites are much more stable precursors for inks used in the deposition of solar cells, 
providing improved photovoltaic performance. 
When heavily mixed perovskites are synthesized from solution, each component is 
subjected to different solute-solvent interactions, often leading to products with unpredictable 
compositions that do not match the original synthetic loading. In contrast, solvent-free methods 
circumvent the effects caused by different binding affinities and other solute-solvent interactions. 
As a result, heavily mixed halide perovskites prepared by solvent-free solid-state methods show 
much more predictable compositions and significantly suppressed phase segregation, as observed 
by ssNMR, which has quickly emerged as the tool of choice to truly understand the actual 
speciation of heavily mixed halide perovskites. These findings show that solid-state methods are 





In spite of all the benefits of synthesizing halide perovskites by solid-state methods 
compared to solution methods, solid-state methods are so far incompatible with film fabrication. 
This limitation is typically overcome by taking a halide perovskite powder, previously prepared 
by a solid-state method, and dissolving it into an appropriate solvent followed by spin-coating. 
Improved photovoltaic properties have been reported for films prepared in this way. However, 
the origin of these improvements is unknown, and solute-solvent interactions can alter the 
composition of the resulting halide perovskite film. Another promising alternative is melt-
processing, which has only been demonstrated for hybrid 2D halide perovskites that exhibit 
melting points lower than their decomposition temperatures. For melt-processing to be useful 
beyond hybrid 2D halide perovskites, either the melting point of other halide perovskite 
compositions must be lowered, or their decomposition temperatures must be increased. Overall, 
there is a need for developing processes to grow halide perovskite thin films in the solid-state 
and without the influence of solvents. 
Another important question pertains to the actual in-situ temperatures produced during 
mechanochemical synthesis of halide perovskites. To date, a majority of reports on the 
mechanochemical synthesis of halide perovskites claim that this occurs at room temperature. 
This is unlikely. When precursors are crushed between metal balls, significant amounts of heat 
are introduced into the system through mechanical energy. Different groups regularly use 
different synthetic conditions affecting the total amount of mechanical energy introduced into the 
system, including the number of different sized balls, rotation speed, and ball-milling time. Thus, 
ball milling reactions cannot be safely assumed to proceed at room temperature, unless the 
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 Many of the best performing halide perovskite solar cells are made of materials 
containing a mixture of various organic and inorganic ions. 





                                                                                                                                                             
 Ball milling, manual grinding, and thermal annealing are the most common methods used 
to synthesize halide perovskites in the solid-state; ball milling results in small particle 
sizes, while thermal annealing results in large particle sizes. 
 Solvent-free solid-state methods are superior to solution-phase methods because they 
enable more controllable synthesis of mixed perovskites with enhanced purity. 
 Solid-state nuclear magnetic resonance is the method of choice to determine the presence 
of amorphous impurities and phase segregation in mixed perovskites. 
 
